DEAD-box proteins are the largest family of nucleic acid helicases, and are crucial to RNA metabolism throughout all domains of life 1,2 . They contain a conserved 'helicase core' of two RecA-like domains (domains (D)1 and D2), which uses ATP to catalyse the unwinding of short RNA duplexes by non-processive, local strand separation 3 . This mode of action differs from that of translocating helicases and allows DEAD-box proteins to remodel large RNAs and RNA-protein complexes without globally disrupting RNA structure 4 . However, the structural basis for this distinctive mode of RNA unwinding remains unclear. Here, structural, biochemical and genetic analyses of the yeast DEAD-box protein Mss116p indicate that the helicase core domains have modular functions that enable a novel mechanism for RNA-duplex recognition and unwinding. By investigating D1 and D2 individually and together, we find that D1 acts as an ATP-binding domain and D2 functions as an RNA-duplex recognition domain. D2 contains a nucleic-acidbinding pocket that is formed by conserved DEAD-box protein sequence motifs and accommodates A-form but not B-form duplexes, providing a basis for RNA substrate specificity. Upon a conformational change in which the two core domains join to form a 'closed state' with an ATPase active site, conserved motifs in D1 promote the unwinding of duplex substrates bound to D2 by excluding one RNA strand and bending the other. Our results provide a comprehensive structural model for how DEAD-box proteins recognize and unwind RNA duplexes. This model explains key features of DEAD-box protein function and affords a new perspective on how the evolutionarily related cores of other RNA and DNA helicases diverged to use different mechanisms.
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Mss116p is a DEAD-box RNA helicase that facilitates the folding and splicing of mitochondrial group I and group II introns primarily by acting as an RNA chaperone that unwinds RNA duplexes to disrupt stable but inactive RNA structures [5] [6] [7] . The RecA-like helicase core domains of Mss116p, which together catalyse RNA unwinding 8, 9 , contain conserved DEAD-box protein sequence motifs that are required for helicase function (Fig. 1a ). D2 also includes a nonconserved carboxy-terminal extension (CTE) that stabilizes the domain and extends its RNA-binding surface 10 . Small-angle X-ray scattering studies show that without substrates, the helicase core of Mss116p adopts an extended 'open state' conformation, as observed for other DEAD-box proteins 11, 12 . A compact 'closed state', the X-ray crystal structure of which has been determined for Mss116p and other DEAD-box proteins 10, 13 , is formed upon binding ATP and singlestranded RNA (ssRNA) and is thought to represent a 'post-unwound' state of the enzyme.
The wide separation of D1 and D2 of Mss116p in the open state suggests that they might function independently to recognize ATP and RNA substrates. To investigate the roles of the individual helicase core domains, we compared the ATP and double-stranded RNA (dsRNA) binding properties of the full core (D1D2) and isolated D1 and D2 of Mss116p. Gel-filtration and ATP-agarose binding assays show that ATP binds to D1 and the full core with similar affinities, but does not bind appreciably to D2 ( Fig. 1b and Supplementary Fig. 1 ). This result is consistent with previous studies that establish D1 of DEADbox proteins as a conserved ATP-binding domain 14, 15 . Conversely, fluorescence anisotropy and electrophoretic mobility shift assays (EMSA) show that a 14-base pair (bp) dsRNA binds to D2 and the full core with similar affinities, but does not bind appreciably to D1 ( Fig. 1c and Supplementary Fig. 2 ). The preferential binding of ATP by D1 and dsRNA by D2 with similar affinities to the full core supports the hypothesis that these helicase domains function independently in initial substrate capture in the open state of Mss116p.
We next determined a crystal structure of Mss116p D2 in complex with the same 14-bp dsRNA used in the binding assays ( Fig. 2a contains additional unstructured N-terminal (residues 37-87) and C-terminal (residues 598-664) regions that are not required for helicase activity 8, 9 . b, Affinity of ATP for D1, D2, and the full helicase core (D1D2) measured by gel-filtration chromatography under equilibrium conditions. ATP binding was also assessed by an ATP-agarose binding assay ( Supplementary Fig. 1 ). c, Affinity of FAM-dsRNA ( Fig. 2a ) for MBP-tagged D1, D2 and D1D2 determined by fluorescence anisotropy measurements. Similar results for dsRNA binding were obtained by EMSA ( Supplementary Fig. 2 ). Error bars in b and c represent the standard error for at least three independent measurements, and the error in the K d represents the standard error of the nonlinear regression (see Methods). NB, no significant binding.
3.2 Å resolution, the first structure of a DEAD-box helicase domain bound to a duplex substrate ( Fig. 2c -e, Supplementary Fig. 3 and Supplementary Table 1 ). The crystallographic asymmetric unit contains four very similar complexes with protein molecules bound on either side of a pseudo-continuous RNA duplex ( Supplementary  Fig. 3a ). The structure of a single complex shows that D2 contains a positively charged binding pocket for an RNA duplex of A-form geometry ( Fig. 2c -e and Supplementary Fig. 3b ). One duplex strand (strand 1) interacts extensively with D2 ( Fig. 3a, b and Supplementary  Table 2 ). These interactions include multiple contacts to the phosphate groups of the three centrally bound nucleotide residues (N4-N6) by DEAD-box motifs IV, IVa, V, and a loop containing motif Va. The second strand (strand 2) makes only a few contacts, which include hydrogen bonds between 29-OH groups and the CTE (Fig. 3a, c and Supplementary Table 2 ). No protein contacts are observed to the RNA bases of either strand ( Fig. 3) , consistent with the non-specific RNA binding shown by Mss116p and other DEAD-box proteins 1 . Except for the contact by motif Va, the structure of D2 and its contacts to the phosphate backbone of strand 1 are the same as in the closed-state structure of Mss116p, in which D2 additionally interacts with D1 and adenosine nucleotide ( Fig. 3a and Supplementary Fig. 4 ; root mean squared deviation 5 0.46 Å ) 10 . Given the similar binding affinities observed for dsRNA by isolated D2 and the full helicase core ( Fig. 1c and Supplementary Fig. 2 ), we propose that the D2-dsRNA structure provides a model for the initial complex of Mss116p with duplex RNA in the open state of the enzyme and a structural basis for dsRNA recognition by Mss116p. We also determined a structure of D2 in complex with an equivalent 14-bp chimaeric RNA-DNA duplex (Fig. 2b ) at 3.6 Å resolution, in which each molecule of protein interacts with two A-form duplex substrates ( Fig. 2f -h, Supplementary Fig. 5 and Supplementary  Table 1 ). These chimaeric duplexes make almost identical contacts with D2 as dsRNA ( Supplementary Fig. 5b) . Surprisingly, however, a DNA segment of strand 1 interacts with the DEAD-box motifs in the main 'RNA'-binding tract of D2, while an RNA segment binds to the CTE (Fig. 2f-h and Supplementary Fig. 5 ). This orientation is probably favoured because D2 interacts primarily with nucleic acid substrate phosphate groups, whereas the non-conserved CTE makes hydrogenbond contacts with the 29-OHs of RNA (see earlier). The finding that A-form DNA and RNA interact in a similar manner in the conserved RNA-binding tract of D2 suggests that the substrate specificity of DEAD-box proteins for RNA duplexes is dictated primarily by phosphate backbone geometry. Consistent with this idea, modelling demonstrates that the binding pocket of D2 is not shaped to recognize a B-form DNA duplex, the predominant conformation of dsDNA ( Supplementary Fig. 6 ). Additionally, a genetic assay that is stringently dependent upon Mss116p function indicates that the side chains of conserved residues of D2 that interact with phosphate groups (R415, motif IVa; and T433, motif V) are critical for Mss116p function in vivo 9 , whereas the side chains of residues in the CTE that interact with 29-OH groups of the RNA (S535, R538) can be mutated without detectable loss of function ( Supplementary Fig. 7 ). Nucleic acid recognition based on duplex geometry may explain why DEAD-box proteins can unwind chimaeric RNA-DNA duplexes with as few as two centrally located ribonucleotides 3 , as structural studies indicate that chimaeric duplexes with only one ribonucleotide can adopt A-form geometry 16, 17 .
Our D2 structures provide insight into several other DEAD-box protein activities. DEAD-box proteins function on a wide variety of RNA substrates 1,2 . A comparison of the D2-dsRNA and D2-dsRNA-DNA structures, and different complexes within their asymmetric Fig. 1a , in which D2 is bound to two stacked 14-bp chimaeric RNA-DNA duplexes.
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units, shows that the binding orientation of the distal regions of duplex substrates can vary, while the contacts between the conserved motifs and centrally bound nucleotide residues are maintained (Supplementary Fig. 8 ). Although these differences in substrate binding orientation could be influenced by crystal packing, the observed flexibility in nucleic-acid binding away from the basic binding tract of D2 may be advantageous for the loading and unwinding of diverse physiological RNA substrates, such as group I and group II introns, and could contribute towards the general RNA-chaperone activity of Mss116p 5,6 . The presence of a dsRNA-binding pocket in D2 also raises the possibility that this domain could have a role in strand annealing in the absence of ATP, an activity observed for Mss116p and other DEAD-box proteins 1 , by orienting two ssRNAs in a position to pair in the duplex-binding pocket. The additional RNA interactions with the CTE of Mss116p may explain the relatively high strand annealing activity of Mss116p compared to other DEAD-box proteins 18 . Collectively, our results indicate that RNA unwinding by Mss116p begins with the helicase core domains functioning independently to bind ATP and RNA substrates (Fig. 4a ). This previously unobserved mechanism for substrate recognition by a helicase is consistent with the wide separation of the two core domains (,50 Å for their centres of mass) in the solution structure of the open state 11 . Subsequent interactions of the exposed regions of these substrates with the remainder of their binding sites in the opposite domain would result in cooperative tight binding coupled to core closure, RNA-strand separation, and formation of the ATPase active site (Fig. 4a) . Notably, the loop in D2 that contains part of motif Va and interacts with duplex RNA in the D2-dsRNA structure (see earlier) shifts markedly upon formation of the closed state and helps form the ATPase active site (Fig. 4b ). This conformational change may be part of a switch that triggers ATP hydrolysis upon core closure. After ATP hydrolysis, dissociation of P i and ADP cause reopening of the core, release of the bound strand, and regeneration of the enzyme 8, 19 .
Comparison of the D2-dsRNA structure to the previously reported closed-state structure of the helicase core of Mss116p bound to adenosine nucleotide and ssRNA (Fig. 4c ) indicates that D2 functions as a stationary platform that positions dsRNA for unwinding by the incursion of D1 (Fig. 4d, e and Supplementary Fig. 9 ). In the closed state of Mss116p, RNA-binding motifs Ia, Ib, Ic, and the post-II region of D1 are sterically incompatible with dsRNA bound in the duplexbinding site of D2 (Fig. 4d ). This suggests that D1 promotes RNA unwinding in two ways ( Fig. 4e and Supplementary Fig. 9 ). First, the conserved post-II region of D1 interrupts the centrally bound base pairs of the RNA duplex to displace strand 2. This displacement is presumably facilitated by the minimal interaction of strand 2 with the protein and could occur actively or during 'breathing' of the duplex 20 . Second, core closure introduces two bends in strand 1, one by interactions with the conserved 'wedge helix' in D1 (motif Ic) and the other by interactions with the CTE 9,10 . DEAD-box proteins that unwind RNA but lack the CTE introduce only the first bend using the same conserved D1 wedge helix 13 . On core closure, the buried solvent accessible surface area of strand 1 increases owing to additional interactions with D1 (1,256 Å 2 compared to 544 Å 2 in the D2-dsRNA structure; Supplementary Table 2 ), contributing to the driving force for RNA unwinding. Further, the two bends induced in strand 1 ( Supplementary Fig. 9b ) impede its re-annealing to strand 2. Supplementary Fig. 4d ). Similar nucleic-acid-protein interactions were observed in the D2-dsRNA-DNA structure ( Supplementary Fig. 5 ). H-bond, hydrogen bond. b, Interactions between strand 1 (yellow) of the duplex RNA and D2 (green). c, Interactions between duplex RNA and the CTE of D2 (orange).
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Additional conformational changes that occur upon ATP hydrolysis, dissociation of P i , and/or reopening of the core may also contribute to RNA unwinding. The model we propose here for RNA-duplex recognition and unwinding by Mss116p explains the previously reported requirement for ATP binding, but not hydrolysis, for RNA unwinding by DEADbox proteins 21, 22 . This is because substrate binding drives core closure and strand separation (Fig. 4a ), whereas ATP hydrolysis to regenerate the enzyme cannot occur until formation of the ATPase active site in the closed-state core. The model also elucidates why RNA unwinding by DEAD-box proteins is non-processive and can initiate directly from a double-stranded region of a substrate 1,2 , as RNA duplexes are bound directly by D2. Additionally, the differences in RNA-unwinding activity observed for different ATP analogues 22 could reflect differences in their binding affinity for the closed state.
Because the RNA-unwinding mechanism described here for Mss116p depends primarily upon conserved DEAD-box protein structures and motifs with only an ancillary role for the CTE, we propose that its major features are used by all DEAD-box proteins. All DEAD-box proteins rely on their helicase core for RNA unwinding and use appended domains for auxiliary functions, such as interactions with partner proteins or to target the helicase core to specific RNA substrates 1 . Structural studies of other DEAD-box proteins show that D1 can by itself bind adenosine nucleotide in a binding pocket formed by the Q-motif, which recognizes the adenine base, motif I (the phosphate-binding or P-loop) and motif II 14, 15 . By contrast, structures of Mss116p and other DEAD-box proteins in the closed state show that D2 interacts minimally with the adenine base 1,10,13 , in agreement with our observation that D2 does not by itself bind specifically to ATP ( Fig. 1b and Supplementary Fig. 1 ). Likewise, all DEAD-box proteins contain a conserved RNA-binding track in D2 that contains motifs IV, IVa and V 1 , and could recognize dsRNA similarly to Mss116p. By contrast, dsRNA is sterically incompatible with the motif Ic wedge helix and the post-II region in the RNA-binding track of D1 of other DEAD-box proteins 10, 13, 23 , in agreement with our finding that D1 of Mss116p cannot by itself bind an RNA duplex ( Fig. 1c and Supplementary Fig. 2) . The post-II region, which displaces strand 2 of a bound duplex in the unwinding mechanism proposed for Mss116p ( Fig. 4d, e) , is conserved and positioned to have the same role in other DEAD-box proteins 9, 23 , as is motif Va 1, 15, 24 , which forms part of loop that contributes to initial binding of the duplex RNA and rearranges to help form the ATPase active site in the closed state (Fig. 4b) .
Non-ring-forming helicases with structurally conserved cores of RecA-like domains D1 and D2 are classified into two superfamilies (SFs), SF1 and SF2, with DEAD-box proteins comprising the largest family of SF2 (refs 24, 25 
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from a common ancestor 26 , but have diverged to possess a variety of accessory domains, to have different specificities for RNA or DNA substrates, and to operate by distinct mechanisms 24, 25 . These include processive and non-processive duplex unwinding and translocation without unwinding. The modular substrate-binding functions of D1 and D2, duplex binding by D2, and substrate specificity based on nucleic acid geometry found here for Mss116p may be features that underlie these diverse mechanisms. Interestingly, two recent crystal structures of the closed state of the pathogen recognition receptor RIG-I (also known as DDX58), an SF2 helicase closely related to DEAD-box proteins, show dsRNA bound in the RNA-binding track of D2 of RIG-I in the same orientation as D2 of Mss116p and interacting with conserved SF2 helicase RNA-binding motifs including IV, IVa and V ( Supplementary Fig. 10a, c) 27, 28 . However, the orientation of D1 in the RIG-I complex differs from that of Mss116p in the closed state ( Supplementary Fig. 10b ), enabling RIG-I to bind and translocate on a duplex substrate without RNA unwinding 27, 28 . RIG-I also contains ancillary domains that contribute to dsRNA binding and may influence substrate orientation to favour duplex binding over unwinding [27] [28] [29] . Other SF1 and SF2 helicases could have evolved similarly to promote different closed-state conformations of their helicase cores that give rise to distinct mechanisms of action.
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The helicase core of Mss116p (D1D2; residues 88-597), D1 (residues 88-330) and D2 (residues 342-597) were expressed and purified as described for full-length Mss116p 10, 11 . Substrate-binding assays were performed in a buffer of 20 mM Tris-HCl (pH 7.5), 100 mM KCl, 10% glycerol, 1 mM dithiothreitol, 5 mM MgCl 2 . ATP binding was measured by incubating proteins with ATP at 22 uC followed by gelfiltration chromatography at 4 uC with increasing concentrations of ATP to measure the A 260 nm /A 280 nm of the eluted protein. For ATP-agarose assays, proteins were incubated with ATP-agarose at 4 uC for 24 h, and binding was assessed by SDS-PAGE of the ATP-agarose pellet. Fluorescence anisotropy and EMSA measurements were performed using a 39 fluorescein (FAM)-labelled 14-bp self-complementary dsRNA (59-GGGCGGGCCCGCCC-FAM-39) annealed by slow cooling after heating to 94 uC for 1 min. Crystals of D2-dsRNA that contain an unlabelled version of the dsRNA substrate used in the binding assays were obtained in 8% tacsimate (pH 6.0; Hampton Research), 20% (w/v) PEG 3350 by hanging drop. Crystals diffracted to 3.2 Å and belong to space group P2 1 2 1 2 with a unit cell of a 5 160.5 Å , b 5 88.4 Å and c 5 121.2 Å . The final solution has an R work and R free of 22.4% and 26.8%, respectively. Crystals of D2-dsRNA-DNA that contain a 14-bp self-complementary chimaeric substrate (59-rGrGrGrCrGrGrGdCdCdCdGdCdCdC) were obtained in 6% tacsimate (pH 5.0; Hampton Research), 20% (w/v) PEG 3350 by hanging drop. Crystals diffracted to 3.6 Å and belong to space group P2 1 2 1 2 1 with a unit cell of a 5 43.7 Å , b 5 70.1 Å and c 5 214.9 Å . The final solution has an R work and R free of 24.4% and 28.0%, respectively.
